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Convective condition.The present work studies the MHD two-dimensional flow of Maxwell liquid over a stretched surface
moving with linear velocity. Convective heat phenomenon characterizes the heat transfer process.
Induced electric and magnetic fields are absent. The set of partial differential equations governing the
Darcy–Forchheimer flow of Maxwell liquid is derived. Computations for strong nonlinear systems are
presented after non-dimensionalization. Convergent relations for velocity and temperature distributions
are achieved. Besides this local Nusselt number is computed and analyzed. Our findings reveal that the
temperature field has an inverse relationship with the thermal relaxation parameter and Prandtl number.
 2016 The Authors. Published by Elsevier B.V. This is anopenaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
Various environmental and industrial systems such as fibrous
insulation, geophysics, geothermal energy systems, catalytic reac-
tors and heat exchanger design comprise the convection flow via
porous media. Non-Darcian porous medium model is the modified
form of the traditional Darcian model which incorporates simulta-
neous characteristics of tortuosity inertial drag and vorticity diffu-
sion [1]. This model is perhaps the best improvement in Darcian
flow developed in similarity inertia properties. Inertia characteris-
tics are accounted via incorporation of squared term of velocity in
the momentum expression, which is also known as the Forch-
heimer’s extension. Characteristics of first order chemical reaction
and thermal radiation in mixed convection flow of viscous liquid
immersed in non-Darcian permeable medium in presence of
diffusion-thermo, viscous dissipation and thermal-diffusion
aspects is addressed by Pal and Mondal [2]. Ganesh et al. [3] mod-
eled and examined the effectiveness of Darcy–Forchheimer hydro-
magnetic nanoliquid flow towards stretched/shrinked surface in
the presence of thermal stratification, second order velocity slip,
Ohmic and viscous dissipation effects. Hydromagnetic stretched
flow of viscous liquid immersed in non-Darcian permeable med-
ium with viscous dissipation and thermal radiation is studied by
Gireesha et al. [4]. Ahmed [5] utilized Bejan’s heatlines to analyzetwo-sided lid-driven enclosures saturated non-Darcy permeable
medium with mixed convection.
Researchers and scientists now a days have focused consider-
ably on the surface driven flows owing to their numerous industrial
demands. Heat transfer and momentum aspects towards stretched
surfaces have ample importance in extrusion procedures. The
diverse properties of the anticipated product significantly relies
on the heat transfer rate to the ambient liquid. In several practical
situations the resistance force owing to cooling or heating of the
stretched surface affects thermal and momentum boundary layers
and thus adjust the thermal and flow fields. Several researchers
investigated diversified characteristics of such problems. For
instance Ziabaksh et al. [6] addressed chemically reactive flow
towards nonlinear stretched surface. Bhattacharya [7] established
dual solutions for chemically reactive stagnation point flow
towards stretched/shrinked surface. Machireddy [8] explored the
impacts of chemical reaction and thermal radiation in magnetohy-
drodynamic (MHD) flow by a vertical cylinder. Sheikh and Abbas [9]
scrutinized homogeneous/heterogeneous reactions in slip flow of
Casson liquid towards permeable stretched/shrinked surface. Char-
acteristics of viscous dissipation and mixed convection on MHD
flow towards stretched surface is studied by Bhukta et al. [10].
The phenomenon of magnetohydrodynamics (MHD) has
acquired continuous consideration from recent researchers and
scientists owing to its demands in petroleum industries and
agricultural engineering. Because of such demands, flows with
magnetohydrodynamics (MHD) have been reported under several
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unsteady MHD flow of viscous liquid in a rectangular enclosure.
MHD flow of nanofluid in a pipe is reported by Ellahi [12]. Turky-
ilmazoglu [13] analyzed the features of viscoelastic liquid through
magnetic field effects. Hayat et al. [14] considered thixotropic fluid
to discuss MHD effects towards stretching surface in presence of
Joule heating and viscous dissipation. Sheikholeslami et al. [15]
explored thermal radiation effect in MHD Al2O3-water nanofluid.
Combined effects of MHD, mixed convection and double stratifica-
tion in radiative stretched flow of Maxwell nanoliquid is studied by
Hussain et al. [16]. Hayat et al. [17] modeled and analyzed the dou-
bly stratified flow of thixotropic nanoliquid with heat generation/
absorption, mixed convection and magnetohydrodynamics. MHD
flow of Jeffrey material with Newtonian heating and Joule heating
is addressed by Hayat et al. [18]. Moreover the mechanism of con-
vective transfer of heat is of extraordinary significance in the pro-
cesses where relatively high temperature is invoked. Examples in
this direction may include storage of thermal energy, gas turbines,
nuclear plants etc. It is well recognized that convective conditions
are further useful in several engineering and industrial processes
including material drying and transpiration cooling process. The
pragmatic significance of convective conditions has obliged differ-
ent researchers to consider and account their results in this area
[18–25].
The fundamental Newton’s law of viscosity does not hold for flu-
ids in most of the industrial and technological applications. All the
non-Newtonian liquids through their distinct features cannot be
explained by using a single constitutive expression. This fact of
non-Newtonian liquids is quite distinct than that of viscous liquids.
Hence different models in literature have been established to char-
acterize the properties of non-Newtonian liquids. These liquids in
general have been categorized into three subclasses known as the
rate, differential and integral. Rate typematerial exhibits the effects
of relaxation and retardation times. Maxwell fluid model is a sub-
class of rate type material which reports the effect of relaxation
time phenomenon [26–30]. Moreover Maxwell liquid characterizes
viscoelastic properties of liquids which is useful for low molecular
weight for example polymers. The main drawback of Maxwell
material is that it does not predict the characteristics of retardation
time, normal stress effects and shear thinning/thickening effects.
In view of the above discussion, the objectives of present anal-
ysis is three folds. Firstly to model and examine the two-
dimensional Darcy–Forchheimer flow of magneto Maxwell liquid
induced by a linear stretched surface. Note that the consideration
of electrically conducting viscoelastic fluids is significant in coating
and plasting processes, polymer extrusion and lubrication with
heavy oils and greases. Secondly to analyze the heat transfer pro-
cess through convective condition. Thirdly to derive convergent
homotopic solutions for the velocity and temperature distributions
[31–45]. Velocity and thermal fields for nonlinear boundary value
problems are calculated and discussed.Mathematical formulation
Herewe intend to analyze the two-dimensional stretched flowof
Maxwell liquid. An incompressible liquid saturates the porousmed-
ium. Flow is caused due to linear stretching surface.Maxwell fluid is
electrically conducted due to a uniformmagnetic field applied in the
y-direction. The Hall current and electric field effects are ignored
subject to small magnetic Reynolds number. The cartesian coordi-
nate system is adopted in such a way that x-axis is taken along the
stretching sheet and y-axis is orthogonal to it. Let Uw xð Þ ¼ ax
denotes the surface stretching velocity along the x-direction. The
heat transfer process is managed through convective condition.
Considering the velocity distribution V ¼ u x; yð Þ;v x; yð Þ½  andtemperature distribution T ¼ T x; yð Þ, the governing boundary layer
expressions for present flow and heat transfer characteristics are
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Note that u;vð Þ signifies the fluid velocities in the horizontal
and vertical directions respectively, k1 the relaxation time, m ¼ lq
the kinematic viscosity, l the dynamic viscosity, q the fluid
denisty, K the permeability of porous medium, F ¼ Cb
xK1=2
the inertia
coefficient of porous medium, Cb the drag coefficient, cp the specific
heat and k the thermal conductivity.
It is worthpointing that MHD concept in Eq. (2) provides correc-
tion when compared with several past studies in the literature.
The boundary conditions are:
u ¼ Uw xð Þ ¼ ax; v ¼ 0; k @T
@y
¼ hðTf  TÞ at y ¼ 0; ð4Þ
u! 0; T ! T1 as y!1; ð5Þ
where Tf represents the convective fluid temperature, T1 the ambi-
ent fluid temperature and a the positive stretching rate constant
with 1/T as the dimension. We use [25]:
g ¼ y
ﬃﬃﬃ
a
m
r
; u ¼ axf 0 gð Þ; v ¼  ﬃﬃﬃﬃﬃﬃavp f 0 gð Þ; h gð Þ ¼ T  T1
Tf  T1 ;
Eq. (1) is trivially satisfied and Eqs. (2)–(4) become
f 000 þ ff 00 þ b 2ff 0f 00  f 2f 000
 
 kf 0  1þ Frð Þf 02  Ha2 f 0  bff 00
  ð6Þ
h00 þ Prfh0 ¼ 0; ð7Þ
f ¼ 0; f 0 ¼ 1; h0 ¼ c½1 hð0Þ at g ¼ 0; ð8Þ
f 0 ! 0; h! 0 as g!1; ð9Þ
in which b ¼ kað Þ represents the Deborah number, k ¼ mKa
 
the poros-
ity parameter, Fr ¼ CbK1=2
 
the inertia coefficient, Ha2 ¼ rB20aq
 
the
Hartman number, Pr ¼ lcpk
 
the Prandtl number and c ¼ hk
ﬃﬃm
a
p 
the
Biot number.
It should be noted that the results for viscous fluid can be
obtained when b ¼ 0 in Eq. (6). Also the results of Darcy expression
are attained by putting Fr ¼ 0 in Eq. (6).
Local Nusselt number Nux is expressed as
Nux ¼  xqwk Tf  T1
  ; qw ¼ k @T@y
 
y¼0
: ð10Þ
In non-dimensional variables we have
NuxRe
12
x ¼ h0 0ð Þ; ð11ÞSeries solutions and convergence analysis
Liao [31] initially provided the concept of homotopy in perspec-
tive of its following advantages. (i) It is independent of small or
Fig. 1. h-curve for f.
Fig. 2. h-curve for h.
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(iii) It provides great freedom to select the base functions and lin-
ear operators. Such flexibility and freedom help us in solving the
highly nonlinear problems. Having such benefits in mind our
intention now is to solve Eqs. (6) and (7) with boundary conditions
(8) and (9). Initial approximations and linear operators are
f 0ðgÞ ¼ 1 eg; h0ðgÞ ¼
ceg
1þ c ; ð12Þ
f ¼ f 000  f 0; h ¼ h00  h: ð13Þ
with
f ðC1 þ C2eg þ C3egÞ ¼0;
hðC4eg þ C5egÞ ¼0; ð14Þ
and Ci ði ¼ 1 5Þ indicate the arbitrary constants.
The relevant problems at zeroth and mth orders are [31–45]:
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h i
; ð15Þ
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where p 2 0;1½  stands for embedding parameter, hf and hh the
non-zero auxiliary parameters and N f and N h stand for nonlinearoperators. The expressions of general solutions f m; hmð Þ containing
special solutions f m; h

m
 
are
f mðgÞ ¼ f mðgÞ þ C1 þ C2eg þ C3eg; ð25Þ
hmðgÞ ¼ hmðgÞ þ C4eg þ C5eg; ð26Þ
in which the Ci ði ¼ 1 5Þ represents the arbitrary constants.
No doubt the auxiliary parameters hf and hh in series solutions
accelerate the convergence. Hence so called h curves for the
velocity and temperature distributions have been depicted in
Figs. 1 and 2. Here the interval of convergence for f and h are
1:40;0:2½  and 1:75;0:3½  respectively. Table 1 depicts that
10th and 15th order of deformations are necessary for the conver-
gent solutions of velocity and temperature.
Results and discussion
This portion is prepared to address the impacts of emerging
variables namely b; Fr ; k;Ha;Pr and c on velocity f
0 gð Þ, temperature
h gð Þ and local Nusselt number NuxRe
1
2
x respectively. Figs. 3–12 are
presented for such purpose.
Fig. 3 discloses the impact of b on f 0 gð Þ. Here f 0 gð Þ reduces for
larger b. Physically b involves relaxation time i.e. time consumed
by the liquid to get equilibrium when stress is applied. Fluids with
Table 1
HAM expression convergence for various order of deformations when
b ¼ Fr ¼ k ¼ 0:2;Ha ¼ 0:1; Pr ¼ 1:2 and c ¼ 0:3:
Order of approximations f 00ð0Þ h0ð0Þ
1 1.1998 0.2164
5 1.2013 0.2033
10 1.2013 0.2019
13 1.2013 0.2017
15 1.2013 0.2017
25 1.2013 0.2017
30 1.2013 0.2017
Fig. 3. f 0 via b.
Fig. 4. f 0 via Fr .
Fig. 5. f 0 via k.
Fig. 6. f 0 via Ha.
Fig. 7. h via Pr.
Fig. 8. h via c.
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like materials. Fluid viscosity enhances for larger b which provides
more resistance to flow due to which f 0 decreases. Characteristics
of Fr on f
0 gð Þ is plotted in Fig. 4. Clearly f 0 gð Þ is decreasing function
of Fr . Fig. 5 elucidates the variations in f
0 gð Þ for distinct values of k.
Fig. 9. h via Fr .
Fig. 10. h via b.
Fig. 11. h via k.
Fig. 12. h via Ha.
Table 2
Local Nusselt number (NuxRe
12
x ) via Ha; Pr; c and k when b ¼ Fr ¼ 0.
Ha Pr c k NuxRe
12
x
0.0 1.2 0.3 0.2 0.2018
0.2 0.2015
0.4 0.2003
0.1 1.3 0.2053
1.4 0.2086
1.5 0.2115
1.2 0.4 0.2425
0.5 0.2761
0.6 0.3040
0.4 0.0 0.2036
0.3 0.2010
0.6 0.1985
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presence of porous media is to enhance the resistance to fluid
motion which creates decay in liquid velocity and thickness of
momentum boundary layer. Impact of Ha on f 0 gð Þ is described inFig. 6. Obviously that both velocity and boundary layer thickness
decrease when Ha is increased. Physically larger Ha enhances Lor-
entz force which is a resistive force. As a result velocity of the fluid
decays. Fig. 7 illustrates the behavior of Pr on h gð Þ. Here h gð Þ and
related thickness of thermal layer diminish for larger Pr. Since ther-
mal diffusivity and Prandtl number have an inverse relationship.
Larger Pr leads to the lower thermal diffusivity. Such lower thermal
diffusivity shows decay in h gð Þ and thermal layer thickness. Anal-
ysis for behavior of c on h gð Þ is demonstrated in Fig. 8. Here h gð Þ
boosts through larger c. From physical point of view coefficient
of heat transfer boosts when c is enhanced. Therefore h gð Þ
enhances. Fig. 9 highlights the effect of Fr on h gð Þ. As expected
h gð Þ and associated thickness of boundary layer are higher when
Fr increases. Behavior of b on h gð Þ is depicted in Fig. 10. Larger val-
ues of b creates an enhancement in h gð Þ and thickness of thermal
boundary layer. Physically relaxation time factor is involved in b.
This factor is larger for higher b. Thus larger relaxation time corre-
sponds to higher h gð Þ and more thickness of thermal layer. Fig. 11
portrays the influence of k on h gð Þ. It is found that larger k causes
an increment in h gð Þ. Feature of Ha on h gð Þ is addressed through
Fig. 12. Clearly h gð Þ boosts for larger Ha. Also temperature and
thermal boundary layer are enhanced for larger Ha. Lorentz force
enhances for larger Ha and more heat is generated. Ultimate tem-
perature distribution enhances.
Table 2 is computed to investigate the numerical values of Nus-
selt number NuxRe
12
x . It is found that NuxRe
12
x enhances through lar-
ger Pr and c while reverse situation is noticed for k and Ha.
Comparative analysis is presented in Tables 3–5 in order to vali-
date the present results. Here good agreement is noticed.
Table 5
Comparative analysis of h0 0ð Þ with Hayat et al. [47] for different values of Pr when
c1 !1.
h0 0ð Þ h0 0ð Þ
Pr Hayat et al. [47] Present
0.07 0.06637 0.06637
0.20 0.61913 0.61913
0.7 0.45395 0.45395
2.0 0.91132 0.91132
Table 3
Comparative analysis of f 00 0ð Þ with Turkyilmazoglu [46] for different values of k
when b ¼ 0 ¼ Fr ¼ Ha.
f 00 0ð Þ f 00 0ð Þ
k Turkyilmazoglu [46] Present
0.0 1.00000 1.00000
0.5 1.22474487 1.01980
1.0 1.41421356 1.11803
Table 4
Comparative analysis of f 00 0ð Þ with Hayat et al. [47] for different values of Ha when
b ¼ 0 ¼ Fr ¼ k.
f 00 0ð Þ f 00 0ð Þ
Ha Hayat et al. [47] Present
0.0 1.00000 1.00000
0.2 1.01980 1.01980
0.5 1.11803 1.11803
0.8 1.28063 1.28063
1.0 1.41421 1.41421
1.2 1.56205 1.56205
1.5 1.80303 1.80303
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Here Darcy–Forchheimer flow of magneto Maxwell liquid over
a convectively heated surface is explored. Main points are listed
below.
 An increment for b causes a reduction in f 0 gð Þ while reverse sit-
uation is observed for h gð Þ.
 Flow is retarted via larger Ha and Fr.
 Velocity f 0 gð Þ and thickness of momentum boundary layer are
decreased when we enhance the value of k while opposite
behavior is noticed for h gð Þ.
 Both h gð Þ and thermal layer thickness are reduced when Pr
enhances.
 Present situation reduces to prescribed surface temperature
when c!1.
 Nusselt number NuxRe
1
2
x enhances through larger Pr and c.
 The convective boundary conditions are reduced to limiting
case of prescribed surface temperature when c tends to infinity.Acknowledgement
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